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METHOD FOR RESOLVING GROUND
LEVEL ERRORS IN SIMULATIONS

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

This patent application claims priority to U.S. Provisional
Patent Application No. 60/826,893, entitled, “Fleet opera-
tions quality management system,” and filed on Sep. 25,
2006. The entire disclosure of the above-noted patent appli-
cation 1s incorporated by reference 1n its entirety herein.

FIELD OF INVENTION

This invention pertains to a method for reconciling ground
level errors in a virtual recreation of a trip caused by the
inherent inaccuracies of position and altitude sensing tech-
nologies.

BACKGROUND

Graphical systems which use real-world trip data (such as
location data captured by a GPS sensor mounted 1n an air-
craft) as the basis for a three-dimensional recreation of the
original trip must deal with potential inaccuracies 1n the data,

especially when depicting near-ground-level maneuvers,
such as takeoil and landing. In the real world, these 1naccu-
racies can be easily handled. For example, an altimeter 1n an
aircraft may show an altitude of three meters above ground
level when the plane 1s actually sitting on the runway.
Because the pilot can see and feel that he or she 1s sitting on
the ground, however, the pilot can easily reconcile the error
and not be adversely atiected by it. Alternately, the pilot can
communicate with the control tower of the airport to get
additional information (such as the current pressure altitude
reading at ground level), and use that information to calibrate
their altitude istrument appropriately.

Using 1naccurate recorded altitude data to represent the
aircralt 1n a virtual environment, however, would result 1n the
aircrait being depicted offset from the ground by at least the
amount of the altitude error. In fact, 1n a virtual recreation,
multiple error sources must be resolved, including altitude
source errors, terrain model errors, and model referencing
errors (that 1s, errors introduced because the mounting loca-
tion of the altitude sensor on the real aircratt 1s offset from the
reference point used for the virtual model).

It would be possible for the graphical software system to
ask the user to input information to correct inaccurate altitude
information during a virtual recreation of the trip, but this 1s
an impractical and limited approach. Depending on the accu-
racy and predictability of the altitude data source, a user-
entered altitude “correction” may reconcile the altitude infor-
mation and the terrain model in one location, but make the
problem worse 1n a second location. The vanability of some
altitude sources, such as a GPS sensor, over time can be
significant. It may be that a user-entered “correction” may
actually reconcile the altitude at the virtual airport location
when the aircrait takes off, but compound the problem when
the aircraft lands at the exact same location an hour later, due
to the vaniation 1n the accuracy of the GPS signal.

These types of data collection errors are relatively small
and typically do not cause problems when depicting motion
significantly above ground level. For example, if the simula-
tion 1s showing an aircrait flying at an altitude of 35,000
meters, an altitude error of three meters 1s not noticeable.
However, when the simulated vehicle 1s operating near the
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ground, a difference of plus or minus three meters can make
the difference of rendering the vehicle above or below the

terrain.

What 1s needed 1n the art, therefore, 1s a method for auto-
matically reconciling differences between the altitude data
and the terrain model when creating a simulation of near-
ground activities.

SUMMARY

Accordingly, 1t 1s one objective of the invention to describe
a method for examiming the individual data points describing
a recorded trip by a vehicle and determining which of the data
points correspond to points when the vehicle was actually on
the ground. Then, at times 1n the recorded data corresponding
to these confirmed “on-ground” data points, the altitude dii-
ference between the recorded altitude data and the terrain
model 1s used to generate an altitude correction signal, which
can be applied to the recorded altitude data.

It 1s another objective of the invention to describe a method
for examining the individual data points describing a
recorded trip by a vehicle and determining which of the data
points correspond to points when the vehicle was actually on
the ground. Then, at times in the recorded data corresponding
to these confirmed “on-ground” data points, the altitude dit-
ference between the recorded altitude data and the terrain
model 1s used to modily, or morph, the terrain model to match
the altitude data.

It 1s yet another objective of the invention to describe one
implementation of an algorithm for determining which data
points 1n a trip data set correspond to “on-ground” points, by
examining factors such as ground speed, vertical speed, geo-
graphic location of the points, and the frequency of oscilla-
tions measured at the points.

Further objectives and advantages of the invention waill
become apparent from a consideration of the drawings and
ensuing description.

In accordance with the present ivention, data collected
from one or more sensors on a moving vehicle 1s analyzed. At
a minimuim, this “trip data” contains three-dimensional loca-
tion information, including latitude, longitude, and altitude,
from which ground speed and vertical speed can be derived.
Optionally, the trip data contains information from one or
more 1nertial measurement sensors, such as an accelerometer
or gyroscope. First, data points which do not correspond to a
likely landing or takeoil location (such as an airport or heli-
pad) are eliminated to limit the amount of data that needs to be
processed and to reduce errors introduced by 1naccuracies in
virtual terrain. Terrain around potential landing and takeoif
locations 1s inherently tlat, and, due to this fact, the elevation
between successive terrain points 1s assumed to have little
error. Then, the ground speed recorded or derived for each
remaining data point 1s examined, and those data points
which are above a predefined ground speed threshold are
climinated. Next, the vertical speed recorded or derived for
cach remaining data point 1s examined, and those data points
which are above a predefined vertical speed threshold are
climinated. Finally, 1f the data points contain inertial mea-
surement 1nformation, the frequency of the oscillations
recorded for each remaining data point 1s analyzed, and data
points with an oscillation frequency below a predefined
threshold are eliminated. The remaining data points are
assumed to correspond to confirmed “on-ground” locations.

Now that it 1s known when the vehicle was on the ground.,
the difference between the recorded altitude and the height of
the terrain model at these on-ground points 1s determined, and
this difference 1s the basis for a correction signal. The correc-




US 8,116,922 B2

3

tion signal can either be applied to the recorded altitude, 11 1t
1s believed the terrain model 1s the more accurate source of
information, or 1t can be applied to morph the terrain model,
if 1t 1s believed the recorded altitude 1s the more accurate
source of information.

DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a flowchart depicting one implementation of an
algorithm used to correct inaccurate altitude data in order to
reconcile differences between an altitude data source and a
terrain model.

FIG. 2 1s a flowchart depicting one implementation of an
algorithm used to modify an 1naccurate terrain model 1n order
to reconcile differences between an altitude data source and a
terrain model.

FIG. 3 1s a flowchart depicting one implementation of an
algorithm to determine when a vehicle or moving body 1s on
the ground by analyzing the data points representing a trip of
that vehicle or moving body.

FI1G. 4 1s a graph 1llustrating how the corrections of FIG. 1
and FIG. 2 are generated.

FIG. 5 1s a system-level schematic of one embodiment of a
fleet operations quality management system which may
employ the “runway stick” altitude correction algorithms
defined 1n FIG. 1 and FIG. 2.

FIG. 6 1s a perspective view of one embodiment of certain
components that may be used by the fleet operations quality
management system of FIG. 5.

FIG. 7 1s a perspective view of the off-vehicle or remote
data processing device or data collection kiosk 1llustrated 1n
FIG. 6.

FIG. 8 1s a block diagram of one embodiment of a sensor
fusion software module that may be utilized by the fleet
operations quality management system of FIG. 5, and which
contains the “runway stick” altitude correction algorithms

defined 1n FIG. 1 and FIG. 2.

DETAILED DESCRIPTION

FIG. 1 1s a flowchart depicting one implementation of an
algorithm used to correct inaccurate altitude data in order to
reconcile differences between an altitude data source and a
terrain model. In this “altitude correction™ algorithm (refer-
enced previously 1n the current specification, as well as 1n
U.S. provisional patent application 60/826,893, which 1s
incorporated by reference 1n its entirety herein, as “runway
stick module” 1004), 1t 1s assumed that the terrain model
being used for the simulation 1s appropriately accurate, and
that any difference found between the location of the surface
of the terrain model and the altitude reading will be caused by
an 1naccurate altitude source.

First, 1t must be determined 11 the algorithm 1s to be used in
the stmulation of a ground-based vehicle or an aircraft (Step
10). If the algorithm 1s to be used for a ground-based vehicle
simulation, then 1t can be assumed that the vehicle will be 1n
contact with the ground nearly 100 percent of the time. There-
fore, the difference between the altitude data and the surface
of the terrain model can be immediately used to generate an
altitude correction signal (Step 50) for the entire recorded
trip. The altitude correction signal can be applied directly to
the recorded altitude data (Step 60).

An “aircraft” shall be defined here to be any appropriate
fixed-wing or rotary-wing aircrait, a glider, a lighter-than-air
balloon, or any other vehicle, including vehicles normally
considered “ground-based”, for which their use includes a
substantial “off-ground” component. For example, the term
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“aircrait” as used herein may apply to a motorcycle or other
normally ground-based vehicle which 1s used to perform
above-ground stunts.

IT 1t 1s determined during Step 10 that the vehicle being
simulated 1s an aircrait, analysis must be performed on the
recorded trip data to determine which of the data points 1t
contains correspond to known on-ground locations. This
recorded trip data, or trip file, 1s recorded by the data record-
ing module 101 as described previously 1n the current speci-
fication, as well as 1 U.S. provisional patent application
60/826,893, which 1s incorporated by reference 1n 1ts entirety
herein. This analysis 1s done by first eliminating any data
points within the trip data which are not within a predefined
window of distance from a potential takeoll or landing loca-
tion, such as an airport or helipad (Step 20). In one 1mple-
mentation, Step 20 may be performed by applying informa-
tion of known controlled airspaces available from a Federal
Aviation Administration (FAA) database. In another imple-
mentation, Step 20 may be performed by requiring the simu-
lation user to enter the location of the potential takeoll or
landing site by hand. In still another implementation, Step 20
may be performed by making the assumption that the begin-
ning or end of a recorded trip 1s either a takeoil or a landing
from an FAA location or other on-ground location.

Once the data set has been limited to only that data near
known takeoif and landing locations (Step 20), an “on-
ground” algorithm 1s applied to the remaining data points to
determine a final set of “known on-ground locations” (Step
30). One mmplementation of Step 30 involves examining
information contained in or derived from the recorded trip
data to determine when a vehicle 1s on the ground. This
implementation 1s detailed 1n FIG. 3, which will be discussed
shortly. Another implementation of Step 30 involves the use
of a simple sensor such as a “weight on wheels” switch, which
will be mechanically activated when the wheels from the
vehicle make contact with the ground. The result of Step 30 1s
a reduced, final set of data 1n which all remaiming data points
are assumed to correspond with known on-ground locations.

For each known on-ground location, the altitude data cor-
responding to that location 1s compared to the altitude of the
surface of the terrain model. Since the terrain model 1s
assumed to be accurate by this algorithm, any difference
between the two sources of data 1s assumed to be caused by
inaccuracies 1n the altitude data. The difference between the
recorded altitude data and the surface of the terrain model 1s
therefore used to generate an altitude correction signal (Step
40). The altitude correction signal can be applied directly to
the recorded altitude data (Step 60).

FIG. 2 1s a flowchart depicting one implementation of an
algorithm used to modily, or morph, an 1naccurate terrain
model 1n order to reconcile differences between an altitude
data source and a terrain model. In this “terrain morphing”
algorithm, 1t 1s assumed that the recorded altitude data 1s
appropriately accurate, and that any difference found
between the location of the surface of the terrain model and
the altitude reading will be caused by an inaccurate terrain
model.

The algorithms shown 1n FIG. 1 and FIG. 2 are very similar,
and so the ensuing discussion will focus mostly on the steps
that are different. The steps 1n FIG. 2 that are repeated from
FIG. 1 retain the same step number; therefore the discussion
of the corresponding step in FIG. 1 applies to the step in FIG.
2.

As 1n the algorithm of FIG. 1, the “terrain morphing”
algorithm of FIG. 2 first determines if the algorithm 1s to be
used 1n the simulation of a ground-based vehicle or an aircraft
(Step 10). If the algorithm 1s to be used for a ground-based
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vehicle simulation, then the difference between the altitude
data and the surface of the terrain model can be immediately

used to generate a terrain correction signal (Step 51). This
terrain correction signal can be used to morph the terrain over
the entire length of the recorded trip (Step 61).

A ““terrain model” shall be defined as a set of points 1n
three-dimensional space which are used to represent the sur-
face of the Earth 1n a stmulation. Since at least three points 1n
space are required to represent a planar surface 1n a simula-
tion, a terrain model 1s often constructed of a finite set of
triangles whose sides are joined together to form a triangular
“mesh”. A single triangle of data points 1n space can represent
a flat surface such as a plain, but additional triangles are
required to represent features onthat plain. For instance, three
triangles are needed, at a minimum, to represent a pyramid
shape, which might represent a smooth-sided mountain on the
terrain model. It 1s obvious to one skilled 1n the arts that the
greater the number of data points or triangles used 1n the
terrain model, the higher the quality of the simulation.

Therelfore, the act of “morphing” a terrain model may
require the addition, deletion, or movement of the data points
defining that terrain model. In the present invention, the ter-
rain morphing algorithm can be used to improve the quality of
the terrain model around known on-ground locations by mor-
phing the terrain so that i1t corresponds in location to the
known on-ground locations.

Returning to FIG. 2, 1f it 1s determined during Step 10 that
the vehicle being simulated 1s an aircraft, analysis must be
performed on the recorded trip data to determine which of the
data points 1t contains correspond to known on-ground loca-
tions. This analysis 1s done by first eliminating any data points
within the trip data which are not within a predefined window
of distance from a potential takeolil or landing location, such
as an airport or helipad (Step 20). Once the data set has been
limited to only that data near known takeofl and landing
locations (Step 20), an “on-ground” algorithm 1s applied to
the remaining data points to determine a final set of “known
on-ground locations” (Step 30). The result of Step 30 1s a
reduced, final set of data in which all remaining data points
are assumed to correspond with known on-ground locations.

For each known on-ground location, the altitude data cor-
responding to that location 1s compared to the altitude of the
surface of the terrain model. Since the altitude data 1s
assumed to be accurate by this algorithm, any difference
between the two sources of data 1s assumed to be caused by
inaccuracies in the terrain model. The difference between the
recorded altitude data and the surface of the terrain model 1s
therefore used to generate a terrain correction signal (Step
41). The terrain correction signal can be applied directly to the
simulated terrain model (Step 61).

FIG. 3 1s a flowchart depicting one implementation of an
algorithm to determine when a vehicle or moving body 1s on
the ground by analyzing the data points representing a trip of
that vehicle or moving body. First, the ground speed corre-
sponding to each of the remaining trip data points 1s analyzed,
and data points which are above a pre-defined ground speed
threshold are eliminated from further consideration (Step
300). In one implementation of Step 300, the pre-defined
ground speed threshold 1s defined as that speed below which
an aircraft 1s incapable of tlight. The ground speed analysis of
Step 300 works well for fixed wing aircraft, which require air
to be pushed across the surface of the wing to create lift.
However, for rotary-wing aircrait, such as a helicopter which
1s capable ol hovering over a location, the application of Step
300 may not eliminate any additional data points. Therefore,
additional analyses are required.
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After the application of Step 300, the vertical speed corre-
sponding to each of the remaining data points 1s analyzed, and
data points for which the absolute value of the vertical speed
(since vertical speed can be both positive and negative) 1s
above a pre-defined vertical speed threshold are eliminated
from further consideration (Step 301). IT an aircraft 1s resting
on the ground, any differences 1n vertical speed detected are
due to maccuracies 1n the altitude data (since altitude data 1s
used to derive the vertical speed). If the derived vertical speed
1s changing constantly at a rate above that which can be
explained by altitude data inaccuracies, then the aircraift is
assumed to be moving (either up or down) and the data points
corresponding to this movement are eliminated from further
consideration as on-ground locations.

Finally, after the application of Step 301, the frequency of
the oscillations measured for each remaining trip data point 1s
analyzed (Step 302). The word ““oscillations™ 1s used here to
describe vibration-type movements detected by 1nertial mea-
surement sensors mounted on the aircraft. These inertial mea-
surement sensors may include accelerometers, gyroscopes, or
any other appropriate inertial sensing technology. When an
aircraft 1s suspended 1n air during tlight, the oscillations
detected by mertial measurement sensors are relatively low 1n
frequency compared to oscillations detected when the aircratt
1s still operating but 1n contact with the ground. Therefore,
when the frequency of the oscillations corresponding to the
remaining data points are analyzed, those data points with a
frequency that falls below a pre-defined frequency threshold
are eliminated (Step 303). The points remaining after the
application of Steps 300, 301, 302, and 303 are then assumed
to correspond to known on-ground locations (Step 304 ).

FIG. 4 illustrates how a correction signal, such as that
described in FIG. 1 or FIG. 2, 1s created. A terrain model 400
1s rendered to represent an existing geographic location. Ter-
rain models are created from databases comprised of data
points representing actual elevations corresponding to the
geographic locations being simulated. Although the 1ndi-
vidual data points given 1n these terrain databases are typi-
cally very accurate, the elevations between data points must
be assumed. The more data points used to simulate a given
piece of terrain, the more accurate the terrain model. How-
ever, a large number of data points requires a large amount of
storage space. Trade-offs are made between terrain accuracy
and data storage space. When fewer data points are used, the
terrain model will likely have inherent 1naccuracies.

The uncorrected path of an aircraft 401, comprised of a
plurality of discrete altitude data points 402 corresponding to
known points 1n time, 1s rendered over the terrain model 400.
Because of inaccuracies in either the terrain model 400 or the
altitude data points 402, some of the altitude data points 402
are rendered 1n the wrong location, either too far above or
below the terrain model 400.

Separately, an on-ground algorithm such as that of FIG. 3
1s applied to the trip data set to create an on-ground wavetorm
403, with known on-ground locations 404. Points of trip data
corresponding to the known on-ground locations 404 are
examined, and a correction signal 405 1s created based on the
differences 1n altitude between the altitude data points 402
and the surface of the terrain model 400. Discrete correction
data points 406 are created for each point 1n the trip corre-
sponding to a known on-ground location 404, and the rest of
the correction signal 405 1s created by interpolating between
the correction data points 406.

Having described the preferred embodiment, 1t waill
become apparent that various modifications can be made
without departing from the scope of the invention as defined
in the accompanying claims. In particular, the order shown for
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the steps 1in the algorithms depicted in FIG. 1, FIG. 2, and FIG.
3 may be changed slightly without significantly changing the
end result. Step 20, as shown 1n FIG. 1 and FIG. 2, can be
climinated, so that the successive steps are performed on the
entire data set, and not just those data points corresponding to
a known takeoll or landing location. As discussed in the
specification, the on-ground algorithm described in FIG. 3
may be replaced with a simpler algorithm. For example, the
on-ground algorithm of FIG. 3 may eliminate Steps 301 and
302, focusing only on the analysis of the measured oscilla-
tions. The use of a “weight on wheels” switch may eliminate
the need for the on-ground algorithm of FIG. 3 altogether.
Additionally, the algorithms described herein may be applied
to any moving body depicted 1n a simulation or virtual recre-
ation, including a ground-based vehicle or a human per-
former.

FIG. 5 shows one embodiment of a fleet operations quality
management system. Data 1s captured from multiple
instances of moving bodies 100 (e.g., trucks, automobiles,
aircraft (e.g., airplanes, gliders), watercrait (e.g., boats),
unmanned aircraft, unmanned ground vehicles, or any other
vehicle 1n a vehicle fleet) and transferred to one of a number
of what may be characterized as one or more data processing
devices, computers, or data collection kiosks 104 via an
appropriate communications link 103 (e.g., a portable
memory device, a wireless data connection). A single data
collection kiosk 104 can serve and collect data from any
appropriate number of moving bodies 100, and thereafter
process this data in a manner that that will be discussed in
more detail below. The fleet operations quality management
system may use any appropriate number of data collection
kiosks 104, and each data collection kiosk 104 may be used in
relation to any appropriate number ol moving bodies 100.
Data captured on the moving bodies 100 1s stored in the form
of raw data that 1s, readings captured directly from sensors on
the moving bodies 100 and not processed 1n any fashion.
Once the raw data 1s recerved by a particular data collection
kiosk 104 regarding a particular trip by a particular moving,
body 100, 1t 1s processed; that 1s, the raw sensor values are
processed 1n at least some manner (e.g., calibrated, evaluated,
compared, and/or combined together using algorithms on the
data collection kiosk 104) to produce what may be character-
1zed as processed navigational data or a trip file (e.g., having
an enhanced accuracy). This trip file (a processed collection
of raw sensor data on a trip by a vehicle) 1s sent 1n any
appropriate manner to a main server 105, such as via an
Internet connection 108 or via any other appropriate commu-
nications link. In one embodiment, the trip file may be queued
for later transmission to the main server 105 during oif-peak
hours. In any case, the main server 103 evaluates the trip {file
and sends it for archiving in a central database 106. A remote
access station 107 (e.g., a terminal, a laptop computer, a
desktop computer, a “dumb terminal,” or the like) may be
used to view a particular trip file stored 1n the central database
106 and/or on the main server 105, for instance through a web
application. Any appropriate number of remote access sta-
tions 107 may be operatively interconnected with the main
server 105/central database 106.

A collection of moving bodies 100 (e.g., vehicles) may be
characterized as a fleet (e.g., a vehicle fleet) 1n relation to the
fleet operations quality management system of FIG. 5. A fleet
may be defined by any appropriate number of moving bodies
100, any appropriate number of data collection kiosks 104
may be used by any given fleet, any appropriate number of
remote access stations 107 may be used in relation to any
given tleet, and any appropriate number of remote access
stations 107 may be used 1n relation to each fleet, all 1n
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relation to the fleet operations quality management system of
FIG. 5. The fleet operations quality management system of
FIG. 5 may be used 1n relation to any appropriate number of
fleets (e.g., the main server 105 may be configured to service
a single fleet, or alternatively the main server 105 may be
configured to service any appropriate number of multiple
fleets). For instance, the fleet operations quality management
system of FIG. 5 could be used in relation to a single fleet or
in relation to multiple fleets.

FIG. 6 shows one embodiment of certain components that
may be used by the fleet operations quality management
system of FIG. 5, showing the flow of data from a single
instance ol a moving body 100 shown 1n FIG. 5 through the
system to display on a remote access station 107. What may
be characterized as a remote or mobile tlight recorder, mobile
data recording unit, or mobile sensor data recording unit 101
1s mounted 1n any appropriate manner on a moving body 100
and 1s used to capture data about the movement and operation
of the moving body 100. The data 1s sent from the mobile data
recording unit 101 to a remote data storage system or remote
memory subsystem 102 which 1s also mounted 1n any appro-
priate manner on the moving body 100, where this data may
be stored indefinitely for later extraction. In one embodiment,
cach of the mobile data recording unit 101 and the remote
memory subsystem 102 are detachably mounted to the mov-
ing body 100 (although again any mounting technique may be
utilized), but 1n any case preferably each are at least substan-
tially maintained 1n a stationary or fixed position relative to
the moving body 100. When one or more trips have been
completed by the moving body 100, the data may be trans-
ferred from the remote memory subsystem 102 to a data
collection kiosk 104 1n any appropriate manner (e.g. via a
portable memory device 103aq as shown i FIG. 6, via a
wireless transmission device). The data collection kiosk 104
may be at any approprate location, such as a central location
in the form of an aircraft or truck terminal or a “home base”
for a fleet of the moving objects 100. The data collection kiosk
104 may be in the form of a personal computer or the like, and
1s used because of the inherent processing power found 1n a
personal computer. The data collection kiosk 104 performs
the bulk of the processing of the data that has been captured
and downloaded by the mobile data recording unit 101 and
remote memory subsystem 102, thereby allowing the mobile
data recording unit 101 and remote memory subsystem 102 to
use lower-cost, low-performance processors used only for
acquisition of raw sensor data. The data collection kiosk 104
processes the raw data retrieved from the remote memory
subsystem 102 (preferably, on a trip-by-trip basis, such that
the identify of the raw data on each trip 1s maintained). The
data collection kiosk 104 then may queue the processed data
for later transmission to a main server 103 over an Internet
connection 108 as previously noted.

The main server 105 may be installed at any appropriate
location, such as a central location or the like 1n the form of a
company headquarters. The main server 105 may communi-
cate with one or more data collection kiosks 104 associated
with a single fleet operation (e.g., a single company), or may
communicate with one or more data collection kiosks 104 for
cach of multiple fleet operations (e.g., multiple companies).
The main server 105 analyzes the data recerved from the data
collection kiosk 104 (e.g., the above-noted trip file). Data
items from each recorded trip are compared against estab-
lished trip profiles to determine 11 the moving body 100 for
which the data was recorded performed outside of 1ts accept-
able performance ranges. These trip profiles consist of a set of
rules against which each recorded trip or trip file 1s measured.
If a trip file 1s shown to have broken one of the established
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rules for the corresponding trip profile, an “exceedance™ 1s
said to have occurred. Trip files which are shown to contain
one or more exceedances are marked for later review by a user
of the fleet operations quality management system. Trip files
with one or more exceedances are sent via an Internet con-
nection 108 for display on one or more remote access stations
107 (e.g., viaa web application). All trip files with no exceed-
ances (non-event trip files) are sent via an Internet connection
108 for archiving and further processing 1n a central database
106. A user of the fleet operations quality management sys-
tem can download and review the trip files containing one or
more exceedances using a remote access station 107 (e.g., via
a web application), and can also use a remote access station
107 (e.g., viaa web application) to retrieve non-event trip files
from the central database 106 as well. The fleet operations
quality management system could be configured so that the
trip files with one or more exceedances are automatically sent
to the relevant remote access station(s) 107 (e.g., via a web
application), the system could be configured so that the trip
files with one or more exceedances can be retrieved through
the remote access station(s) 107 (e.g., via a web applications)
by logging onto the main server 103, or both. Access to the
trip files stored on the main server 105 and/or central database
106 may be appropriately controlled as desired/required, for
instance 1f the fleet operations quality management system of
FIG. 5 1s handling multiple fleet operations (e.g., being used
in relation to fleets for multiple organizations or companies).

In addition to using a remote access station 107 (e.g., via a
web application) to download and review exceedances and
trip files, a user of the fleet operations quality management
system may use a remote access station 107 (e.g., via a web
application) to define any appropriate number of trip profiles.
In this regard, a remote access station 107 (e.g., via a web
application) may be used to define one or more rules for a
desired trip profile. These trip profiles may vary depending
upon the type of moving body 100, may vary from fleet
operation to fleet operation, or both (e.g., different companies
may wish to employ different requirements for the same type
of moving vehicle 100, even when used for the same appli-
cation). Examples include a trip profile for a commercial
aircrait delivering goods to an off-shore o1l platform, to a
land-based trip profile for a commercial delivery truck fol-
lowing 1n-town routes. A typical rule for a flight-based trip
proflle may include a minimum altitude that must be main-
tained while over populated areas, while a similar rule would
be meaningless for a land-based delivery truck.

FI1G. 7 illustrates the features of one embodiment of a data
collection kiosk 104. The data collection kiosk 104 1s a dedi-
cated computer for recerving and processing the data relating
to the moving body 100 after the entire trip file has been
defined. The data collection kiosk 104 may be placed at a
central location at a fleet terminal or the like, such as a user or
maintenance worker’s office, or at any other appropriate loca-
tion. The user transiers the data from the remote memory
subsystem 102 associated with a particular moving body 100
to the data collection kiosk 104 1n any appropriate manner. In
one embodiment, a portable memory device 1034 again 1s
used for this data transfer, and the portable memory device
103a 15 placed 1n the kiosk memory device slot 701 of the data
collection kiosk 104. Light emitting diodes (LEDs) 704 pro-
vide status indications to the user, such as when the data
collection kiosk 104 1s powered on and when the data 1s being
processed. The user mnitiates the data extraction process by
pressing the data extraction button 703, although the data
extraction process could be initiated 1n any appropriate man-
ner. A display panel 707 provides feedback on the extraction
process to the user 1n the form of text and menu options. The
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user can interact with the menu on the display panel 707
through the use of the function keys 705 and the direction
keys 706. Data 1s transierred and cached in the internal
memory of the data collection kiosk 104. The data collection
kiosk 104 then processes the cached raw sensor data using
algorithms stored on the data collection kiosk 104. These
algorithms may combine raw sensor readings taken from
multiple sensors and combine and filter them to derive new
data values which are more accurate than the values from any
single sensor. This process 1s called “sensor fusion”. Addi-
tional detail on the sensor fusion process 1s given 1n FIG. 8,
which describes the sensor fusion process hosted on the data
collection kiosk 104, and, 1n articular relevance to this appli-
cation, on the “runway stick” software module 1004 which
implements the algorithms of F1G. 1 and FIG. 2 of the present
application. The data collection kiosk 104 can be turned on
and off using the power key 702. A kiosk housing 700
encloses and protects the electronics of the data collection
kiosk 104. Any appropriate housing may be used for the data
collection kiosk 104.

After each trip file from the portable memory device 103a
has been processed by the data collection kiosk 104, the
portable memory device 103a may be erased and formatted
for use with a mobile data recording unit 101, and then
removed from the kiosk memory device slot 701. Data from
multiple moving bodies 100 can be processed 1n this manner.

In one embodiment, a portable memory device (e.g., a
memory card, or the portable memory device 103a) can be
used to send information from the data collection kiosk 104
back to the remote memory subsystem 102. This information
1s copied onto the portable memory device by the data col-
lection kiosk 104, and the portable memory device 1s then
inserted back into the remote memory subsystem 102. This
information can include requests to initiate built-in self tests,
commands for additional data, or new operating software for
the remote memory subsystem 102. Once the portable
memory device containing the information or commands 1s
placed mto a memory device slot on the remote memory
subsystem 102, the commands may be 1nitiated by the user
pressing an operator button on the front of the remote memory
subsystem 102 or 1n any other appropriate manner.

When a trip file recorded from moving body 100 has been
extracted and processed, the trip file may be queued for later
transmission to the main server 105 over an Internet connec-
tion 108 or 1n any other appropriate manner. Typically, the trip
file would be scheduled for transter over the Internet connec-
tion 108 during off-peak hours, such as overnight, to avoid
taking system bandwidth away from day to day operations.
However, trip files may be sent at any appropriate time.

The main server 105 recerves the trip file and analyzes the
same. The main server 105 compares the data 1n each trip file
against established trip profiles to see 1f any of the trip files
contain “exceedances”. An exceedance 1s an event when the
moving body 100 performed outside of the ranges established
as acceptable or safe 1n the pre-defined trip profiles (e.g.,
where amoving body 100 broke a rule associated with the trip
profile). For example, 1f an aircraft 1s supposed to maintain a
minimum altitude above a populated city, an exceedance
occurs when the aircraft drops below that minimum altitude
when above a city. Trip files that do not contain exceedances
are sent for archival and further processing in a central data-
base 106. Trips with one or more exceedances may be sent for
display to an operator on a web application 107.

FIG. 8 provides additional detail on the sensor fusion soft-
ware 1000 that 1s executed on the data collection kiosk 104.
Inputs to the sensor fusion module 1000 include data items
captured by sensor suites 1n the mobile data recording unit
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101. These items 1nclude the magnitude of the acceleration in
cach axis, the rate of rotation around each axis, the magnitude
of the magnetic field 1n each axis, and parameters dertved
from the global positioning system (GPS) signals. These
GPS-derived parameters include GPS LLA (latitude-longi-
tude-altitude) values and GPS ENU (East-North-Up) values.

Two redundant forms of attitude are fed into a Kalman filter
1002 to create a more accurate attitude value. The primary
form of attitude 1s determined using gyroscope-sensed rota-
tional rates and standard 1nertial navigation attitude propaga-
tion equations. The secondary form of roll and pitch 1s calcu-
lated by an acceleration and GPS attitude determination
module 1001 using the GPS derived parameters and values
from the accelerometers 1n sensor suites in the data recording
unit 101. The secondary form of yaw 1s dernived from GPS
heading or magnetic heading, depending on which form has
been determined to be of the highest accuracy.

The complementary properties of the primary and second-
ary Torms of attitude are exploited to create a fused form of
attitude whose combined properties are greater than the sum
of the individual components. The gyroscope-derived form of
attitude has low measurement to measurement noise but dritts
with time, rendering the solution useless on 1ts own after a
short period of time (such as 30 seconds). The secondary form
of attitude has high measurement to measurement noise but
does not drift with time.

Acceleration and GPS-derived acceleration can be used to
estimate roll and pitch. Accelerometers measure linear accel-
eration and gravity. GPS-derived acceleration measures only
linear acceleration. If the gravity vector can be estimated, the
roll and pitch can be calculated. This requires aligning the
accelerometer-sensed acceleration, which 1s aligned with the
body frame, and GPS-derived acceleration which 1s refer-
enced to the locally level frame. The X and Y measurements
can be aligned by rotating the GPS derived acceleration by the
heading (1) estimate calculated from GPS velocity. The
alignment process 1s given by the following equation:

r =—(cos(P)xGPSAccel +simm(y)xGPSAccel,)
r,=—(—simn()xGPS Accel,,+cos(1 )x GPSAccelg)

v =g+GPSAccel,,

Once GPS acceleration has been aligned with the Acceler-
ometer X and Y axes, roll (¢) and pitch (0) can be calculated
as 1s shown 1n the following equation:
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In cases where linear acceleration 1s known to be minimal,
accelerometers can be used alone to determine roll and pitch.
This 1s given by the following equations:

The Kalman Attitude Filter functional block 1002 contains
a Kalman filter as well as the functional blocks responsible for
attitude computation from the gyroscope rotational rate sig-
nal. The Kalman Attitude Filter functional block 1002 also
contains the magnetic heading computation, logic to choose
between magnetic heading and GPS heading, and logic to
choose between GPS/accelerometer and accelerometer alone
derived roll and pitch.

Fused roll, pitch, and yaw values exit the Kalman Attitude
Filter 1002 and are stored for 1n the trip file for later use. In
addition, these fused values are sent to a Kalman navigation
filter 1003 which combines the fused attitude values with the
GPS LLA values and barometric pressure readings to deter-
mine vertical speed, ground speed, and latitude and longitude
positional values.

The concept of “runway stick™ takes advantage of the fact
that 11 certain conditions are met 1t can be determined that a
vehicle 1s not airborne. When a vehicle 1s not airborne, the
knowledge of the surface of the earth at that latitude and
longitude can be used to correct altitude deviations caused by
GPS performance limitations.

Algorithms have been developed which can detect takeoff
and landing, and are implemented 1n the runway stick module
1004. The first step in determining takeoil and landing 1s to
determine as many points as possible where 1t 1s known that
the aircraft 1s on the ground. It can be determined that the
aircrait 1s on the ground 1f the ground speed over an interval
1s below a predefined threshold. The second step 1n determin-
ing 1f an aircraft 1s 1n the air 1s to check 1f vertical speed 1s
greater than a predefined threshold. It the application of this
algorithm 1s limited to cases where aircrait have taken off and
landed at an airport, the reliability of the algorithm can be
increased. Next, a window around which takeottf has occurred
1s determined by finding windows of data where the aircrait
has gone from being on the ground within a bounding box
around the airport to points where the vertical speed 1s greater
than a predefined threshold. Next, a window around which
landmgs have occurred 1s determined 1n the same manner as
takeoils were determined. Now that a window has been
placed around takeotils and landings, the point of takeotl and
landing can be determined. When an aircraift 1s on the ground,
the frequency of acceleration oscillations tends to be faster
than when 1t 1s airborne. The transition from high-to low-
frequency behavior can be captured by taking the finite Fou-
rier transform of many small sub-windows of the original
window of data and weighting each sub window as a whole
based on 1ts frequency content. Using the weighted frequency
content of the window, a transition can be detected by low-
pass filtering the result and then comparing 1t to a predefined
threshold. The crossing point 1s the takeoil or landing point.

What 1s claimed 1s:

1. A method performed on a computer for resolving errors
in a virtual recreation of ground-level activities caused by
inaccurate altitude data, comprising the steps of: acquiring
using the computer a first acquiring a {irst set of data points
representing a recorded trip of a moving body, wherein each
point 1n said first set of data points comprises mnformation
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describing an altitude of said moving body at a given point 1n
said recorded trip, applying an on-ground algorithm to said
first set of data points to produce a second set of data points,
wherein said second set of data points 1s a subset of said first
set of data points, and wherein all points in said second set of
data points correspond to known points 1n said recorded trip
when said moving body was operating on the ground, deter-
mimng an altitude difference between said each point 1n said
second set of data points and an altitude of a corresponding
clevation point on the surface of a virtual terrain model, using
said altitude difference to generate an altitude correction sig-
nal for said each point 1n said first set of data points, and
applying said altitude correction signal to said altitude of said
moving body contained in said each point of said first set of
data points;

wherein said each point 1n said first set of data points

further comprises oscillation frequency, wherein said
oscillation frequency describes the frequency of oscilla-
tions caused by vibration movements of the moving
body and recorded on said moving body at a given point
in said recorded trip; and

applying said on-ground algorithm step comprises: elimi-

nating points 1n said first set of data points wherein said
ground speed exceeds a pre-defined ground speed
threshold to create a first intermediate set of data points,
eliminating points 1n said first intermediate set of data
points wherein the absolute value of said vertical speed
exceeds a pre-defined vertical speed threshold to create
a second intermediate set of data points, and eliminating
points 1 said second intermediate set of data points
wherein said oscillation frequency falls below a pre-
defined frequency threshold to create said second set of
data points.

2. The method of claim 1, wherein said moving body 1s
selected from the group consisting of a fixed-wing aircrait, a
rotary-wing aircrait, a glider, a ground vehicle and a human
performer.

3. A method performed on a computer for resolving errors
in a virtual recreation of ground-level activities caused by an
inaccurate terrain model and creating a corrected virtual ter-
rain model, comprising the steps of:

acquiring using the computer a first set of data points

representing a recorded trip of a moving body, wherein
cach point 1n said first set of data points comprises infor-
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mation describing an altitude of said moving body at a
given point 1n said recorded trip, applying an on-ground
algorithm to said first set of data points to produce a
second set of data points, wherein said second set of data
points 1s a subset of said first set of data points, and
wherein all points 1n said second set of data points cor-
respond to known points in said recorded trip when said
moving body was operating on the ground, determiming
an altitude difference between said each point 1n said
second set of data points and an altitude of a correspond-
ing elevation point on the surface of a virtual terrain
model, using said altitude difference to generate a terrain
correction signal for said each point 1n said first set of
data points, and applying said terrain correction signal to
said surface of said virtual terrain model, wherein said
surface of said virtual terrain model 1s modified accord-
ngly:

said each point 1n said first set of data points further com-

prises the ground speed and vertical speed of said mov-
ing body at a given point in said recorded trip;

wherein said each point 1n said first set of data points

further comprises oscillation frequency, wherein said
oscillation frequency describes the frequency of oscilla-
tions caused by vibration movements of the moving
body and recorded on said moving body at a given point
in said recorded trip; and

applying said on-ground algorithm step comprises: elimi-

nating points 1n said first set of data points wherein said
ground speed exceeds a pre-defined ground speed
threshold to create a first intermediate set of data points,
climinating points in said first intermediate set of data
points wherein the absolute value of said vertical speed
exceeds a pre-defined vertical speed threshold to create
a second intermediate set of data points, and eliminating
points 1 said second intermediate set of data points
wherein said oscillation frequency falls below a pre-
defined frequency threshold to create said second set of
data points.

4. The method of claim 3, wherein said moving body 1s
selected from the group consisting of a fixed-wing aircratt, a
rotary-wing aircrait, a glider, a ground vehicle and a human
performer.
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